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The THz beamline at FLASH, DESY, provides both tunable (1–300 THz)
narrow-bandwidth (10%) and broad-bandwidth intense (up to 150 uJ) THz
pulses delivered in 1 MHz bursts and naturally synchronized with free-electron
laser X-ray pulses. Combination of these pulses, along with the auxiliary NIR
and VIS ultrashort lasers, supports a plethora of dynamic investigations in
physics, material science and biology. The unique features of the FLASH THz
pulses and the accelerator source, however, bring along a set of challenges in the
diagnostics of their key parameters: pulse energy, spectral, temporal and spatial
profiles. Here, these challenges are discussed and the pulse diagnostic tools
developed at FLASH are presented. In particular, a radiometric power
measurement is presented that enables the derivation of the average pulse
energy within a pulse burst across the spectral range, jitter-corrected electro-
optical sampling for the full spectro-temporal pulse characterization, spatial
beam profiling along the beam transport line and at the sample, and a lamellar
grating based Fourier transform infrared spectrometer for the on-line
assessment of the average THz pulse spectra. Corresponding measurement
results provide a comprehensive insight into the THz beamline capabilities.
1. Introduction
FLASH, the free-electron laser (FEL) in Hamburg at DESY,
provides ultrafast XUV and soft X-ray radiation for users to
perform pump–probe experiments. FLASH has two inde-
pendent FEL undulator beamlines (Faatz et al., 2016):
FLASH1 and FLASH2. Each FEL branch ends with a dedi-
cated experimental hall that has a number of beamlines.
FLASH1 has a unique feature, a dedicated THz undulator
installed downstream of the XUV undulators. This feature
allows the generation of intense THz pulses by the same
electron bunch that generates XUV pulses (Stojanovic &
Drescher, 2013), as shown in Fig. 1. As THz and XUV
undulators are separated by empty drift space, XUV and THz
pulses generated by the same electron bunch are naturally
synchronized with no more than 5 fs timing jitter (Fru¨hling et
al., 2009). Furthermore, THz pulses are carrier envelope phase
(CEP) stable. Downstream of the THz undulator, the electron
beam is deflected to ground by the so-called electron beam
dump magnet (hereon referred to as the dump magnet). This
ISSN 1600-5775
stage separates the electron beam from the photon (THz and
XUV) beams. The dump magnet on its own generates an
intense THz transient, mainly by the edge and bending
radiation process (Tavella et al., 2011; Geloni et al., 2009a,b).
Only a fraction of the total bending radiation is collected in
the THz beamline downstream (estimated to be 11.4%), as
beamline design is optimized for the radiation in the forward
direction, while bending radiation is created tangentially along
the bend. THz and XUV beams are separated by a large flat
mirror (210 mm  140 mm) with a 10 mm aperture for the
XUV beam (Gensch et al., 2008). Transport of the THz beam
into the experimental hall over 70 m requires multiple
collimations and this is provided by all-reflective optics. By
this unique photon generation scheme, the photon spectrum
of FLASH1 is extended to the long-wavelength range. As
shown in Fig. 1, FLASH1 covers the XUV range from 1.4 nm
to 52 nm including harmonics (Tiedtke et al., 2009), and the
THz range from 1 mm to above 300 mm (300 THz to 1 THz).
With an independent and synchronized near-infrared (NIR)
laser (Redlin et al., 2011) having a center wavelength of
800 nm, FLASH1 can provide XUV, THz and NIR laser
beams for users at the same time to study photon–matter
interactions.
Based on the scheme shown in Fig. 1, there are two types of
intense THz sources. The first is a THz undulator (Grimm
et al., 2010) that generates tunable, linearly polarized (hori-
zontally), narrow-bandwidth (= = 10%) radiation. The
wavelength is tunable from 1 mm to above 300 mm. The longest
wavelength that can be reached depends on the electron beam
energy for a given THz undulator period and peak field (see
Fig. 2). Pulse energies delivered to the experiment can reach
up to 150 mJ, depending on the FLASH accelerator para-
meters (mainly the electron bunch charge and its compres-
sion).
The second source of THz radiation is the dump magnet
that generates edge and bending radiation. The edge radiation
is generated by the longitudinal acceleration of the electron
beam at the interface between the free space and the dump
magnet magnetic field (Tavella et al.,
2011; Geloni et al., 2009a,b). This kind
of radiation has a broad spectral band-
width (quasi single-cycle temporal
profile), is radially polarized and
generated in the forward direction to
the electron beam propagation. Elec-
trons also generate the bending radia-
tion along the bending arc of the dump
magnet. The dump magnet vacuum
chamber acceptance angle for the
bending radiation is relatively small
(2.4) compared with 21 of the
complete bend that the electrons
experience. Thus only a fraction of the
bending radiation radiated in the
forward radiation is collected into
the THz beamline. Also, the bending
radiation has a broad bandwidth (quasi
single-cycle temporal profile) and is linearly polarized. The
bending radiation is collected by the THz beamline mostly
from the bending plane and is thus polarized mainly in the
vertical direction, orthogonal to the THz undulator pulse
polarization. Combined edge and bending dump magnet
radiation can reach a pulse energy of over 10 mJ. This radiation
is generated parasitically and can be used independently from
the undulator radiation.
The THz beamline delivers the beam to the end-station at
the end of the BL3 XUV beamline in the FLASH1 experi-
mental hall (see Fig. 3). The THz beam can be delivered to the
experiment via two branches, a short one with ultra-high-
vacuum transport (109 mbar) and a long one via THz diag-
nostics hutch with high-vacuum transport (107 mbar). Due to
the difference in optical path, the THz pulse arrives later than
the XUV pulse to the end-station, 12 ns for the short branch
and 21 ns for the long branch. We use two approaches to
achieve temporal overlap of the XUV and THz pulses in the
experiment: the first is delaying the XUV pulse by refocusing
via multilayer mirrors; the second is to generate two electron
bunches at the FLASH electron gun timed to achieve
temporal overlap of the respective THz and XUV pulses in the
experiment (Zapolnova et al., 2018).
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Figure 2
THz undulator spectral range. The shaded area represents the range
where the fundamental frequency of the THz undulator radiation can be
reached for FLASH1 as a function of the FEL XUV wavelength (lower
horizontal axis) and the electron beam energy in the linac (upper
horizontal axis).
Figure 1
Scheme of the FLASH1 THz photon sources. (a) The THz undulator is located downstream of the
XUV undulators, separated by free space. The electron beam dump magnet follows the THz
undulator. (b) Representation of the pulse energies that can be obtained at FLASH1 from the XUV
and THz sources over a wide spectral range.
There are many unique applications for the CEP stable
intrinsically synchronized THz pulses from the FLASH THz
beamline. One important scientific area is in atomic and
molecular physics. Here the THz field can act as a streak
camera, allowing molecular reactions to be clocked and
processes induced by the femtosecond-long XUV pulses from
FLASH on a timescale of a few femtoseconds (Fru¨hling et al.,
2009; Schu¨tte et al., 2012; Oelze et al., 2017; Schmid et al.,
2019). An emerging new class of experiments at FLASH is the
application of the strong THz fields for these tunable narrow-
band pulses in selective excitation or selective THz control of
matter [for a description of this field see, for example, Green et
al. (2016), Buzzi et al. (2018), Kampfrath et al. (2013) and
Kovalev et al. (2017)]. The first experiments performed at
FLASH have focused on driving the magnetization dynamics
in magnetic thin films by selective phonon excitation (Radu,
2019) and on the THz control of dynamic surface processes
(Waltar et al., 2018).
2. THz diagnostics
In a typical THz-pump/XUV-probe experiment at FLASH,
determination of the properties of the driving THz pulse is of
key importance. Based on the needs of the user experiments in
past years, we have developed diagnostics tools to fully char-
acterize the THz beam at the experiment. Presently, all the
tools are developed in the THz diagnostics hutch at FLASH1
experimental hall and will be transferred to the end-station at
BL3 beamline (see Fig. 3). In this paper we present tools for
the full spectral, temporal and spatial characterization of the
THz pulses and the pulse-energy measurement. Thereby we
discuss some of the major challenges for diagnostics, i.e. the
extremely broad THz spectral range of FLASH sources,
1 MHz repetition rate in 10 Hz bursts and jitter to externally
synchronized lasers (Azima et al., 2009; Tavella et al., 2011),
that can be used for THz waveform characterization.
2.1. THz power measurement
We measure the THz pulse energies using a radiometer
(RM3700, head RjP-735/RF, by Laser Probe). We have cross-
referenced this detector to a PTB (The National Metrology
Institute of Germany) traceable 3A-P-THz, by Ophir Optro-
nics Solutions (Green et al., 2016). The radiometer detector
has a cavity pyroelectric probe and it has a time constant of
1 ms. Its temporal response prevents us from resolving indi-
vidual pulses of the FLASH micro-pulses within a 1 MHz
burst. However, the detector time constant is well matched to
the maximal duration of the 1 MHz burst (with duration of
0.8 ms, containing up to 800 pulses) defined by the FLASH
accelerator. Therefore, the integration is performed over all
micro-bunches in a burst, which allows for determination of
the average THz pulse energy with good accuracy.
Fig. 4 depicts the THz pulse energy as a function of the
central wavelength of the THz undulator. The total THz
beamline transmission (from the source until the end of
beamline) as a function of wavelength is depicted as well. We
calculate the beamline transmission by modeling the THz
source and the optical transport with the Synchrotron Radia-
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Figure 4
THz pulse energies measured at the beamline end-station for different
conditions of the FLASH accelerator. The blue dashed line shows the
beamline transmission, calculated using the SRW software package
(Chubar & Elleaume, 1998).
Figure 3
Scheme of the THz beamline in the FLASH1 experimental hall. THz
beam is delivered to the end-station at the BL3 XUV beamline, via one of
the two branches.
tion Workshop (SRW) software package (Chubar & Elleaume,
1998). We also account for the Fresnel losses in the diamond
window that separates the beamline from the accelerator
vacuum (Gensch et al., 2008). We present examples of four
measurements taken for different electron beam settings of
the FLASH accelerator. Note that the abrupt end of the THz
undulator tuning range at long wavelengths relates to the
maximal wavelength that can be reached at a particular
electron beam energy and is determined by the maximum field
(1.2 T) inside the undulator (see also Fig. 2).
2.2. THz temporal profile measurements
The THz time domain spectroscopy (TDS) via electro-optic
sampling (EOS) method is a well established technique for the
full characterization of the THz pulse temporal structure (Wu
& Zhang, 1995; Schmuttenmaer, 2004), in a broad spectral
range. The electric field of the THz pulse changes the bire-
fringence of the EOS crystal. This transient change is sampled
by an ultrashort laser pulse. By scanning the laser pulse in
time, the complete THz pulse shape can be reconstructed.
At an accelerator-based light source, such as FLASH, the
laser system is synchronized to the master clock of the FLASH
accelerator (Schulz et al., 2015). One of the main limiting
factors for the use of an externally synchronized laser for EOS
detection is the temporal jitter between the FEL and the laser
pulses. Jitter limits the temporal resolution and subsequently
the spectral bandwidth of EOS detection. We have measured
the jitter of the probe laser (pulse duration 20 fs FWHM) in
the THz hutch to the FLASH THz pulses to be around 100 fs
RMS (200 fs peak-to-peak). To solve this, we chose to detect
the THz pulses’ arrival time on a single-shot basis using
spectral decoding electro-optic detection (EOSD) (Jiang &
Zhang, 1998). This technique enables single-shot THz detec-
tion by imprinting the THz pulse electric field onto a stretched
probe laser pulse, thus defining the arrival time of one with
respect to the other. Spectral decoding is photon efficient (for
a single-shot method) and enables the arrival time detection
even with femtosecond oscillator pulses, which allows for a
high-repetition-rate arrival time detection scheme that can be
matched to the FLASH pulse pattern. Full EO detection of
the THz pulses at FLASH then comprises two main compo-
nents: arrival time monitoring by spectral decoding in
combination with scanning electro-optic sampling (EOS).
EOS data are sorted for their arrival time and the THz pulse
shape is retrieved. The complete detection setup is installed in
a high-vacuum chamber (107 mbar) to avoid measurement
distortions by absorption in ambient air. We achieved a
temporal resolution of the arrival time sorting of 9.7 fs RMS.
Most importantly, the EOS sampling has a bandwidth of 37–
3000 mm (0.1–8 THz) limited by the gallium phosphide (GaP)
EOS crystal (100 mm thick). The setup has been developed in
collaboration with the TELBE team at HZDR and details can
be found in the literature (Kovalev et al., 2017; Golz, 2018).
Two typical examples of measured THz waveform profiles
are shown in Figs. 5(a) and 5(b). The THz and the probing
laser beam are overlapped and focused on the GaP EOS
crystal, with beam sizes of 350 mm FWHM and 70 mm FWHM,
respectively. The THz undulator was set to nominal wave-
lengths of 155 mm and 42 mm (corresponding to frequencies of
1.93 THz and 7.1 TH, respectively). For the long-wavelength
example, unfiltered and spectrally filtered pulses are
presented. The wire-grid THz bandpass filter used has been
centered at 155 mm wavelength (1.93 THz) with 15% spectral
bandwidth. For the unfiltered pulse, it is interesting to observe
that the electric field and high-harmonic content increase
along the pulse. This indicates the change of the electron
bunch form factor (Nodvick & Saxon, 1954) inside the
undulator. In the respective unfiltered THz pulse spectrum
[see Fig. 5(c)] we clearly observe the first harmonic peaking
at 169 mm (1.77 THz) and the third harmonic at 52 mm
(5.68 THz), and the baseline includes the broadband spectrum
from the dump magnet radiation. As expected, the measure-
ment with the THz bandpass filter shows a strong peak around
160 mm (1.87 THz), with a small (few percent) leakage
between 75 and 100 mm (3 and 4 THz). Similarly, in the
spectrum of the short-wavelength pulse (tuned to 42 mm) we
observe the first harmonic peaking at 43 mm (7 THz).
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Figure 5
THz pulse waveforms measured by arrival-time-sorted time domain
spectroscopy (TDS). (a) The THz pulse produced by the undulator set at
the nominal wavelength of 155 mm (1.93 THz). The unfiltered temporal
profile is shown by the blue line and the filtered by the red line, with
155 mm (1.93 THz) bandpass filter (15% bandwidth). (b) The unfiltered
THz pulse at 43 mm (7 THz) (green line). (c) The corresponding THz
pulse spectra.
It is worth noting that the EOSD scheme can be used as a
THz arrival-time detection tool in other experiments. A recent
application evaluated the timing jitter between two electron
bunches with 21 ns delay timed for temporal overlap of THz
and XUV pulses at the experimental end-station at BL3
(Zapolnova et al., 2018).
2.3. THz beam profile
Knowledge of the transverse THz beam profile is important
as it allows precise determination of the fluence (and the
peak field) on the sample, as well as optimal optical design to
maximize the beam transmission in the experiment. We model
the THz source and the radiation transport using the SRW
software package (Chubar & Elleaume, 1998) and observe
the strong interference effects between undulator and dump
magnet radiation (edge and bending radiation) at FLASH
(Asgekar et al., 2014).
An example of the measured THz beam profile from the
dump magnet, with the THz undulator switched off, is shown
in Fig. 6(a). An example of the THz undulator beam tuned to
88 mm (3.4 THz) is shown in Fig. 6(b). The beams have been
imaged in the THz diagnostics hutch so that they image the
plane approximately 10 m downstream of the radiation source.
We perform 2D raster scanning of the beams. As a detector we
employ an amplified pyroelectric detector (LME-501 from
InfraTec). Both measurements have been performed with
30 mm long-pass THz spectral filter. The profiles have been
reproduced by SRW calculation, whereby the integration
of the output power was performed over the 30–300 mm
(1–10 THz) spectral range to account for the filtering, and the
form factor of a 50 fs RMS long electron bunch was used.
For the dump magnet, both the measurement and calcula-
tion render a half-moon-like structure that can be explained
by interference of the edge radiation with the bending radia-
tion from the dump magnet. For the THz undulator beam we
observe slight asymmetry in the horizontal plane which can be
explained by interference of the undulator and the dump
magnet radiation (Asgekar et al., 2014).
We focus both beams with an off-axis parabolic mirror of
focal length 150 mm and measure the beam profile with a
Pyrocam III camera from Ophir Photonics for the dump
magnet and with a microbolometer camera for the undulator
beam. The results are shown in Figs. 6(c) and 6(d), respec-
tively. We observe a beam size of 600 mm FWHM for the dump
magnet and 350 mm FWHM for the undulator beam.
Moreover, we follow the THz undulator beam profile
evolution, by wavefront propagation in SRW. The undulator
radiation wavelength is set to 160 mm (1.87 THz). For an
experimental confirmation, we measure the beam profile in
the THz diagnostics hutch at five different positions along the
beam path [see Fig. 7(a)], using the knife-edge technique. Zero
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Figure 7
THz undulator beam size at 160 mm (1.87 THz) and its propagation.
(a) Beam size measured at five different locations along the beam path
(red circles) fitted by a Gaussian beam propagation. (b) THz beam
propagation over the 10 m path, with the focusing mirrors inserted at the
1 m and 7 m position marks. The THz beam was approximated by fitted
Gaussian beam (FWHM) (green curve) and calculated from the source
by SRW (FWHM) (brown curve) and 6 (red curve).
Figure 6
(Top) THz transverse beam profiles at FLASH. (a) Dump magnet (the
THz undulator is off), and (b) THz undulator tuned to 88 mm (3.4 THz),
unfocused beam profiles measured in the THz hutch; beam position
imaged 10 m from the virtual source. Note that the undulator profile is
padded with zeros to fill in the same image size. (Bottom) The same
beams focused. (c) Dump magnet beam (600 mm FWHM), and (d) THz
undulator beam (350 mm FWHM).
position denotes the THz beamline
window at which the beam is extracted
into the THz diagnostics station. We
assume a Gaussian beam profile and
obtain the beam parameters by fitting.
The plot in Fig. 7(b) compares the beam
size evolution (FWHM) calculated by
SRW (brown curve) with the approxi-
mated Gaussian beam propagation
(ABCD matrix formalism), fitted from
the measured data (green curve), for
the last 10 m of the THz beamline
transport. Two toroidal mirrors with
focal lengths of 3.8 m and 1.8 m are inserted at the 1 m and
7 m position marks, respectively. In this particular example,
the goal was to couple the THz beam into an experimental
chamber through a 25 mm aperture, located at the 10 m
position mark, with highest possible transmission. The red
curve depicts the THz beam size at the equivalent of 6
(or 99.7% beam energy), and at the 10 m position mark
we achieve the desired sub-25 mm beam size. We observe a
reasonable agreement between these two numerical models,
with the big advantage of the Gaussian beam propagation
providing very fast and efficient evaluation of the beam sizes
in the optical system.
2.4. THz spectrum measurement
For a quick THz spectral characterization, when temporal
pulse structure is not necessary, we have developed the
variation of the Fourier transform infrared (FTIR) spectro-
meter based on a reflective lamellar grating. Unlike the most
commonly used Michelson interferometer (based on ampli-
tude division), the reflective lamellar grating interferometer
(Richards, 1964; Bell, 1972) divides the wavefront spatially.
Because of this, the reflective lamellar grating design has a
key advantage: a high (close to 100%) and smooth efficiency
response (e.g. typical Fabry–Perot interferences that plague
Michelson interferometers are absent). A comparison of the
efficiency of the lamellar grating and the Michelson inter-
ferometer can be found in Fig. 3 of Richards (1964). As a side
note, owing to a large spectral bandwidth, the lamellar grat-
ings have found application in extreme ultraviolet (XUV)
spectroscopy and metrology (Gebert et al., 2014; Usenko et al.,
2017).
As shown in Fig. 8, the lamellar grating spectrometer
consists of two interleaved gratings, manufactured from a
100 mm-diameter gold-coated copper mirror. One is fixed and
the other is mounted on the motorized stage responsible for
introducing the optical delay between the split beams. For
detection a pyroelectric detector (LME-501 from InfraTec)
with a 2 mm  2 mm chip size was used.
The THz beam is collimated in a way that uniformly illu-
minates the gratings. The period of the grating (h = 2 mm) is
chosen to match the spectral range of the THz sources at
FLASH. The long-wavelength limit (Bell, 1972) for lamellar
gratings is max < h/2, which is 1 mm (corresponding to
0.3 THz) in our case. For wavelengths longer than max, a
cavity effect starts decreasing the modulation depth of the
THz waves, which are polarized parallel to the fringes. The
high-frequency limit for this geometry is 30 mm (corre-
sponding to 10 THz), which is determined by diffraction
theory and depends on the geometry of the device (Strong
& Vanasse, 1960; Naftaly et al., 2008; Ferhanoglu et al., 2009):
min = hs/f, where f = 130 mm is the focal length of the para-
bolic mirror and s = 2 mm is the width of the exit slit of the
detector (defined by the detector effective aperture).
An example of the measured interferogram and the calcu-
lated spectrum is shown in Fig. 9. The THz pulse was gener-
ated by the edge radiation and filtered by a 215 mm (1.4 THz)
bandpass filter. The fluctuations of the shot-to-shot THz pulse
energy at FLASH can be as high as 20% RMS, depending on
the FLASH accelerator settings. We split a small portion of
the beam for a reference measurement that is then used to
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Figure 9
FTIR measurement for THz edge radiation with 215 mm (1.4 THz) THz
bandpass filter. (a) Double-sided interferogram. (b) Respective spectrum
(red curve) and air transmission with water vapor (in blue) show the
strong absorption lines in this spectral range.
Figure 8
Scheme of the lamellar grating interferometer. OAP: off-axis parabolic mirror.
normalize the measured interferogram on a single-shot basis.
The normalized interferogram in Fig. 9(a) was obtained during
20 min of scanning at 10 Hz repetition rate (12000 shots).
Fig. 9(b) shows the normalized spectrum, obtained by taking a
Fourier transform of the measured interferogram. We observe
the spectral content as expected from the filter response with a
signal-to-noise ratio exceeding 100.
Measurement has been performed in ambient air and we
observe a strong modulation from the water vapor absorption
lines. We are currently upgrading it to an all-in-vacuum
spectrometer.
3. Conclusion
We have presented a range of THz diagnostic tools developed
for THz/XUV pump–probe experiments at FLASH1, DESY.
The THz pulse energy is an important parameter for optimi-
zation of the FLASH accelerator, and it reaches values from
tens of mJ up to 150 mJ. The upgrade of a currently used
radiometer to an online monitor is in progress. The THz
temporal profile can be measured with 10 fs timing resolution
and covers the spectral range from 37 to 3000 mm (0.1 to
8 THz). The ongoing development of this technique will
explore the use of different EOS crystals to extend the
measured bandwidth to shorter wavelengths, GaSe (Ku¨bler et
al., 2005) and SiC (Naftaly et al., 2016) being good candidates
that should allow THz detection in the 10–40 THz and 0.1–
15 THz spectral windows, respectively. To fully exploit the
high THz pulse energies at FLASH, we are upgrading the
single-shot EOSD THz detection technique to one via tilted
laser pulse front (Teo et al., 2015). This technique is free from
the spectral distortions that plague EOSD (Jamison et al.,
2008) and allows for the full bandwidth of the pulse to be
retrieved (limited only by the EOS crystal). The measure-
ments of the transversal THz beam profile are used for the
design of the beam transfer line and calibration of the peak
field and intensity in the experiment. A broadband FTIR
spectrometer, covering the spectral range 30–1000 mm (0.3–
10 THz), based on a reflective lamellar grating is developed
for spectral measurements. It will be permanently installed
inside the THz beamline vacuum environment for distortion-
free THz spectrum measurements, enabling quick and robust
spectral studies [e.g. suitable for THz shaping by emerging
THz meta-materials (Yen et al., 2004; Monticone & Alu`, 2017;
Stojanovic´ et al., 2018; Polley et al., 2018)].
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